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delta band (1 -4 Hz) entrains to the onset of words in natural speech and has been found to encode 23 both syntactic as well as semantic information. Such neural entrainment to speech rhythms is not 24 merely an epiphenomenon of other neural processes, but plays a functional role in speech processing: 25 modulating the neural entrainment through transcranial alternating current stimulation influences the 26 speech-related neural activity and modulates the comprehension of degraded speech. However, the 27 distinct functional contributions of the delta-and of the theta-band entrainment to the modulation of 28 speech comprehension have not yet been investigated. Here we use transcranial alternating current 29 stimulation with waveforms derived from the speech envelope and filtered in the delta and theta 30 frequency bands to alter cortical entrainment in both bands separately. We find that transcranial 31 alternating current stimulation in the theta band but not in the delta band impacts speech 32 comprehension. Moreover, we find that transcranial alternating current stimulation with the theta-33 band portion of the speech envelope can improve speech-in-noise comprehension beyond sham 34 stimulation. Our results show a distinct contribution of the theta-but not of the delta-band stimulation 35
Introduction
words, and phrases. The neural activity in the auditory cortex entrains to the amplitude modulations in 45 speech, as well as to more specific speech structures such as phonemes, the onset of words, and to 46 higher-level linguistic information such as surprisal of word sequences and syntactic structure 47 Two main frequency bands dominate the neural speech entrainment. First, cortical activity in 57 the theta frequency band (4 -8 Hz) tracks the onset of syllables which may aid the parsing of a 58 speech stream (Ding and Simon, 2014; Di Liberto et al., 2015) . A computational model of theta 59 oscillations coupled to gamma oscillations showed indeed that the entrainment of theta activity to a 60 speech signal can act as an efficient parser of syllables, and that the connected gamma network can 61 current stimulation or tACS). The current signal was obtained from the envelope of the 85 simultaneously-presented speech signal. To distinguish between the roles of delta-and theta-band 86 entrainment, we filtered the speech envelope in both frequency bands. We hypothesized that the theta-87 band and delta-band stimulation would modulate speech comprehension in different ways, since the 88 theta-band stimulation would act on the lower-level acoustic processing while the delta-band 89 stimulation would relate to higher-level linguistic information. 90
Previous investigations of the modulation of speech comprehension through neurostimulation 91
have partly employed speech that was artificially produced to exhibit a rhythm at a particular 92 frequency (Riecke et al., 2018; Zoefel et al., 2018) . These studies then employed an alternating 93 current at the same frequency, and investigated how phase differences between the current and the 94 speech affected comprehension. Alternatively, previous studies used naturalistic speech, the envelope 95 of which had a broad spectrum, and then considered a current waveform that mimicked the speech 96 envelope, but was shifted by different temporal delays (Riecke et al., 2018; Zoefel et al., 2018) . 97
Because we sought to investigate the influence of the neurostimulation in the delta and theta 98 band on speech comprehension, we presented subjects with naturalistic sentences that had significant 99 amplitude modulation in both the delta and the theta frequency range ( Figure 1 ). We concurrently 100 applied transcranial alternating current stimulation with a waveform that corresponded either to the 101 delta-band portion of the speech envelope or to the theta-band portion of the speech envelope. 102 and 29 years, mean age 23 years, standard deviation 3.3 years). All reported normal hearing, had no 113 history of mental health problems or neurological disorders, and were right-handed according to their 114 own assessment. All participants gave informed consent. The experiment was approved by the 115 Imperial College Research Ethics Committee. One female participant did not complete the study due 116 to problems with the electrode attachment. 117 118
Data and code availability 119
Data and code will be made available on request. 120 121
Hardware setup 122
A PC with a Windows 7 operating system was used to generate the acoustic stimuli and the current 123 waveforms digitally. Both signals were synchronized on the PC, and were then converted to analogue 124 signals using a USB-6212 BNC device that kept the temporal alignment between the two signals 125 (National Instruments, U.S.A.). The current waveforms were fed to a splitter connected to two 126 neurostimulation devices (DC-Stimulator Plus, NeuroConn, Germany). The acoustic stimuli were 127 passed through a soundcard (Fireface 802, RME, Germany) connected to earphones (ER-2, Etymotic 128
Research, U.S.A.). The temporal alignment of the resulting sound signal to the current waveform was 129 software with a male voice and with the sampling rate of 44,100 Hz. The speech signal was presented 139 at an intensity of 65 dB SPL which provided a comfortable sound level. 140
The speech-shaped noise was generated by determining the average Fourier transform of the 141 different sentences. The phases of the spectral components were then randomized while the 142 magnitude was kept. The noise was then obtained by the inverse Fourier transform of the resulting 143 randomized signal. 144 145
Neurostimulation waveforms 146
We presented subjects with speech signals and concurrently applied transcranial alternating current 147 stimulation. For the latter we employed 15 different waveforms. One waveform was designed to 148 provide a sham stimulus. This current started at the beginning of the speech signal but lasted only 500 149 ms. Smooth onsets and offsets were produced through ramps of a duration of 100 ms. This sham 150 stimulation was used to mimic the current delivery, in particular the attachment of the scalp 151 electrodes. It could in principle also control for a brief skin sensation resulting from the current, 152 although, as described below, we adjusted the current magnitude such that subjects did not experience 153 a skin sensation. 154
The other 14 waveforms were all based on the speech envelope. The latter was computed as 155 the absolute value of the analytical signal of the speech. The speech envelope was then band-pass 156 filtered into the delta frequency band (zero phase IIR filter, low cutoff (-3 dB) 1 Hz, high cutoff (-3 157 dB) 4 Hz, order 6). The envelope was also band-pass filtered into the theta frequency band (zero 158 phase IIR filter, low cutoff (-3 dB) 4 Hz, high cutoff (-3 dB) 8 Hz, order 6). The band-pass filters 159 implied that both waveforms had a mean of 0. 160
To enhance the influence of the current signal on the neural entrainment, the waveforms were 161 then processed to boost all maxima and minima in the waveform to the maximal (minimal) value that 162 was encountered in the signal. This was done by computing the analytical (complex) signal through 163 the Hilbert transform, by subsequently setting the amplitude to unity, and by then taking the real part 164 of the obtained function.
analytical signal of the band-pass filtered envelope, followed by multiplication by ϕ (where ϕ has 168 been converted to radians) and by taking the real part of the obtained signal. Because (ϕ ) = ϕ , 169 this procedure ensured the circularity of the phase shifts, despite the broad frequency range of the 170 speech envelope. In particular, a shift by a phase of ϕ + 360° (where ϕ is measured in degrees again) 171 yielded the same signal as a shift by phase ϕ.
172
The six phase shifts of both the delta-and the theta-band envelope yielded twelve waveforms. 173
We furthermore employed a delta-band and a theta-band envelope that were obtained from an 174 unrelated sentence, yielding two more current waveforms. To measure the maximum magnitude of the stimulation current to be used for a participant, a 189 pure sinusoidal signal at a frequency of 3 Hz and with a duration of 5 seconds was presented to the 190 subject. The signal amplitude was increased from 0.1 mA to a maximum of 1.5 mA in step sizes of participant reported a skin sensation, and the amplitude of the previous step was selected as the 193 maximum threshold for the stimulation current for that participant. The maximal currents that we 194 thereby estimated for the different participants were in the range of 0.7 to 1.3 mA, with a mean of 1.1 195 mA and a standard deviation of 0.3 mA. 196
For each participant, we first measured the sentence reception threshold (SRT) of 50%, that 197 is, the signal-to-noise ratio at which speech comprehension was 50%. During the measurement the 198 participants were subjected to sham stimulation at the onset of each sentence. To estimate the SRT, 199
we employed an adaptive procedure (Kollmeier et al., 1988; Kaernbach, 2001) . We started with an 200 initial SNR that was randomly selected between 0 dB to -3 dB. If the subject understood at least three 201 key words in the sentence correctly, the SNR value was decreased by 1 dB for the subsequent 202 sentence. The SNR was increased by 1 dB otherwise. The adaptive procedure was stopped after seven 203 reversals in the SNR or after 17 sentences. The adaptive procedure was carried out four times for each 204 subject. The subject's SRT was computed as the average of the last three SNRs that were employed in 205 each of the different runs of the adaptive procedure, with the exception of those of the first run. The 206 so-established SRT was then used as the SNR for the subsequent measurements. 207
We then measured subjects' speech comprehension during concurrent transcranial alternating 208 current stimulation with 15 different waveforms. For each waveform we therefore presented each 209 subject with a total of 25 sentences in speech-shaped noise, at the SNR corresponding to the 210 personalized SRT that was measured earlier, and applied the current stimulation simultaneously. After 211 listening to each sentence, the subject repeated what he or she understood. The response was recorded 212 through a microphone and manually graded by the experimenter for the percentage of correctly 213 understood words. A total of 375 sentences was presented in two different testing sessions that took 214 place on two different days. Which of the 15 different waveforms was used for the current stimulation 215 varied randomly from sentence to sentence and was unknown to both the experimenter and the subject 216 (double blind design). After every 50 sentences the subject took a two-minute break. 217 neurostimulation, we shifted the envelope in each of the two frequency bands by six different phases 221 (0°, 60°, 120°, 180°, 240° and 300°). Each phase shift can modulate the cortical entrainment in the 222 respective frequency band differently: a particular phase shift may, for instance, increase the cortical 223 entrainment whereas another one may diminish it (Riecke et al., 2018; Zoefel et al., 2018) . 224
Importantly, although the band-pass filtered envelopes did contain a range of frequencies, the phase 225 shifts were applied in such a way that they were nonetheless cyclical. In particular, a phase change of 226 360° corresponded to no phase change at all (0°). 227
If the current stimulation affected speech comprehension, the latter would depend in a 228 cyclical manner on the phase of the current stimulation. In contrast, a finding of no dependence of 229 speech comprehension on the neurostimulation phase would signal that there is no influence of the 230 stimulation, and hence no impact of the neural entrainment on speech processing. We therefore 231 measured the comprehension scores of volunteers and analyzed their dependence on the phase of the 232 current stimulation. 233
We performed this analysis separately for the current waveforms filtered in the delta and in 234 the theta frequency band. Because we measured the comprehension scores at different phase shifts, 235 the circularity of the phase, and the resulting circularity of the dependence of the speech 236 comprehension on the stimulation phase, meant that the data could be analyzed using the Discrete 237 Fourier Transform. In particular, the data could be written as a discrete sum of cosine functions, each 238 with a particular period that was the either the largest-possible period of 360° or a fraction of 360°. 239
Because we measured speech comprehension at six different phases , the Discrete Fourier 240
Transform implied that the dependence of the speech comprehension score ( ) on the phase 241 of the current stimulation could be written as 242 
(2) 253
The model parameters ' 1 , ' 2 and ' 3 hereby denote the amplitude of the variation at the periods 360°, 254 180° and 120°, respectively. The phases Φ 1 and Φ 2 are the phase shifts at the two longer periods. 255
Because the shortest period corresponds to the Nyquist frequency, it does not allow the inference of a 256 phase shift. ' 0 denotes a constant offset. The resulting number of parameters is six, matching the 257 number of phase shifts at which comprehension scores are measured. 258
We determined the offset ' 0 from the mean comprehension score. The modulation amplitudes 259 ' 1 , ' 2 and ' 3 as well as the phase shifts Φ 1 and Φ 2 were computed through the Discrete Fourier 260
Transform. We then wondered which of the amplitudes would be statistically significant. Significance 261 of either of these amplitudes would mean that there was a significant dependence of speech 262 comprehension on the stimulation phase at the corresponding period. This would therefore show a 263 significant modulation of speech comprehension through the current stimulation. 264
The significance of the modulation amplitudes was determined in two independent ways. 265
First, we kept the two phase shifts Φ 1 and Φ 2 as well as the constant offset ' 0 fixed, and estimated the 266 amplitudes ' 1 , ' 2 and ' 3 from multiple linear regression. We then determined the associated p-values 267 and corrected for multiple comparisons through the FDR correction. 268
Second, we employed a permutation-based method to test the significance of the modulation 269 amplitudes ' 1 , ' 2 and ' 3 . We therefore computed null models for these amplitudes. The null models 270
were obtained from random permutations of the speech comprehension scores across the six different 271 phases. The permutations were done separately for each subject. For each set of permutations, the therefrom obtained the null distributions of the modulation amplitudes ' 1 , ' 2 and ' 3 . We determined 275
the amplitude threshold such that the probability to have a higher amplitude in a null model was 1.7%. 276
This corresponded to a probability of 5% with a Bonferroni correction for the three comparisons. The 277
Bonferroni correction was employed instead of the FDR correction since the latter requires p-values 278 and could not be employed to obtain an amplitude threshold. The null models further allowed us to 279 compute p-values for the amplitudes. The p-value of a particular amplitude followed as the probability 280 of observing a larger value in a null model. 281
The phase dependence of speech comprehension may differ from subject to subject. We 282 therefore also analysed the data when aligning the phase to the 'best phase' per subject, that is, to the 283 phase that yielded the highest speech comprehension score for that particular subject. We then 284 analyzed the speech comprehension scores (ϕ 0) at the phases ϕ 0 that were aligned to the best phase (2) 289
In particular, a modulation of speech comprehension could arise through a modulation at either the 290 period of 360° or 180°, with the modulation amplitude of ' 1 and ' 2 , respectively. 291
We determined the statistical significance of the two amplitudes ' 1 and ' 2 as for the case of 292 the non-aligned data described above. In particular, we used two independent methods, multiple linear 293 regression and the permutation-based test. 294
Results

295
Relation between time-shifted and phase-shifted waveforms 296
We first sought to investigate the effect of the phase shifts on the neurostimulation waveforms. Both 297 the neurostimulation signal in the delta frequency band as well as that in the theta frequency band phase delay is defined as the ratio of the phase to the angular frequency, and was therefore altered by 302 the phase shift, in a manner that varied with the frequency. This effect led to a phase-shifted signal 303 that had a different shape from the original one. Moreover, the phase-shifted signal differed from a 304 time-shifted waveform as well. 305
However, because both the delta-band portion and the theta-band portion of the speech 306 envelope are comparatively narrow-band signals, phase shifts translated approximately to temporal 307 shifts as long as the latter were not too long. To quantify this correspondence, we computed the cross-308 correlation between the delta-band signal shifted by different phases and temporal delays with the 309 unshifted version, that is, with the signal with neither a time shift nor a phase shift (Figure 2A ). We 310 found that for latencies around 0 the maximal correlation values were close to +1. As an example, a 311 maximal correlation value of 0.5 (across phases) was observed for delays between -210 ms to 210 ms. 312 
For larger temporal shifts there is less correspondence between time and phase shifts.
signals, then this shows that time delays between -210 ms to 210 ms could be approximately 314
represented by phase shifts. We carried out the same analysis for the speech envelope filtered in the 315 theta band ( Figure 2B ). We obtained maximal correlation (across the different phase shifts) of at least 316 0.5 for temporal shifts between -150 ms and 150 ms, evidencing that such temporal delays could 317 partly be captured by phase shifts. 318
The cross-correlation analysis also verified the cyclical nature of the phase changes. In 319 particular, in the absence of a temporal delay, a signal at a phase change of -180° or of 180° was anti-320 correlated to the signal without a phase change. The phase change of -180° or of 180° did indeed yield 321 a signal that corresponded to the original one, but with the opposite polarity ( Figure 1D ,E). Other 322 phase shifts led to a cross-correlation with the unshifted waveform that changed cyclically from -1 323 (perfect anti-correlation) for a phase shift of -180° to 0 (no correlation) for a phase shift of -90°, to +1 324 (perfect correlation) for no phase shift (0°), and then back to 0 (no correlation) for a phase shift of 90° 325 and to -1 (perfect anti-correlation) for a phase shift of 180°. 326
These results confirm that phase shifts and temporal delays are two different ways to 327 manipulate the neurostimulation waveform. Although phase changes relate approximately to temporal 328 delays as long as these are not too long, both manipulations yield in general different results and can 329 therefore have different effects on speech comprehension. In this study we employed phase shifts 330 since this type of manipulation allowed us, due to the cyclical nature of the phase shifts, to use 331 circular statistics for the investigation of the resulting speech comprehension. 332 333 334 335
Modulation of speech comprehension through theta-but not delta-band neurostimulation 336
We measured speech comprehension scores while participants experienced transcranial alternating 337 current stimulation with a waveform that was derived from the speech envelope, but band-pass 338 filtered into either the delta or the theta band. To explore the effect of the two types of current 339 stimulation on speech comprehension, we then employed current waveforms that were shifted by six different phases (0°, 60°, 120°, 180°, 240° and 300°). As set out in the Methods section, due to the 341 cyclical nature of the phase, the dependence of the speech comprehension score on the phase of the 342 current stimulation can be written as a linear combination of sinusoidal variations at periods of 360°, 343 180° and 120° (Equation 1). We computed the amplitudes ' 1 , ' 2 and ' 3 of these variations through 344 the Discrete Fourier transform. We then assessed the statistical significance of each modulation 345 amplitude through two independent methods, multiple linear regression as well as a permutation-346 based test. 347
For the current stimulation with the speech envelope filtered in the delta band, the multiple 348 linear regression showed that none of the amplitudes were statistically significant (df = 3; ' 1 = 0.01, t 349 = 2.9, 1 = 0.2; ' 2 = 0.01, t = 1.8, 1 = 0.2; ' 3 = 0.005, t = 1.0, 1 = 0.3; R 2 = 0.064; FDR correction for 350 multiple comparisons, Figure 3A ). This was confirmed by the permutation-based method (' 1 , 1 = 0.3; 351 ' 2 , 1 = 0.1; ' 3 , 1 = 0.2; Figure 4A -C). There was accordingly no modulation of speech 352 comprehension through the delta-band current stimulation. 353 statistical significance of the modulation amplitude ' 1 , although the others were insignificant (df = 3; 355 ' 1 = 0.02, t = 2.9, 1 = 0.01; ' 2 = 0.01, t = 1.5, 1 = 0.2; ' 3 = 0.0002, t = 0.03, 1 = 0.97; R 2 = 0.097; 356 FDR correction for multiple comparisons, Figure 3B ). The permutation test corroborated this finding 357 (' 1 , 1 = 0.01; ' 2 , 1 = 0.3; ' 3 , 1 = 0.3; Figure 4D -F). This showed that the theta-band current 358 stimulation had a significant influence on speech comprehension, namely at the longest period of 359 360°. 360 361 Figure 4: Significant dependence of speech comprehension on the stimulation phase for theta-band but not delta-band current stimulation. We used permutations of the speech-comprehension scores to compute null models of the modulation amplitudes, and therefrom their probability distributions (black lines). The grey areas show the largest amplitudes that were observed in the null models with a probability of less than 1.7%, which corresponded to a probability of 5% adjusted for the three comparisons with the Bonferroni correction.
The modulation amplitudes computed from the actual data are shown as dashed lines (A-C) The dependence of speech comprehension on the stimulation phase for delta-band stimulation is insignificant at all three periods.
(D-F) The dependence of speech comprehension on the stimulation phase for the theta-band stimulation is significant for the longest period (' 1 is significant) but not at the two others (' 2 and ' 3 are insignificant). dependence of the comprehension scores on the stimulation phase. To this end, we determined for 368 every subject, and separately for the delta and for the theta band, the phase that yielded the highest 369 comprehension score. We referred to this phase as the 'best phase' for that subject, and aligned the 370 phase relative to this best phase ( Figure 5A,B) . We performed the analysis of the dependence of the 371 comprehension scores on the relative phase through the model given by Equation (2). This model 372 described the dependence of the speech comprehension scores on the aligned phases through 373 variations at only two periods, 360° and 180°, with the corresponding amplitudes ' 1 and ' 2 , reflecting 374 that only five phases remain after the alignment to the best phase. 375
For the stimulation with the delta-band filtered speech envelope, the multiple linear regression 376 revealed no significant modulation of speech comprehension (df = 2; ' 1 = 0.009, t = 1.0, 1 = 0.3; ' 2 = 377 0.005, t = 1.2, 1 = 0.3; R 2 = 0.03); FDR correction for multiple comparisons, Figure 5A ), which was 378 confirmed by the permutation-based test (' 1 , 1 = 0.3; ' 2 , 1 = 0.2). Likewise, the multiple linear 379 regression showed no significant impact of the theta band stimulation either (df = 2; ' 1 = 0.008, t = 380 0.35, 1 = 0.7; ' 2 = 0.007, t = 0.80, 1 = 0.7; R 2 = 0.01); FDR correction for multiple comparisons, 381 Figure 5B ). This was corroborated by the permutation test (' 1 , 1 = 0.6; ' 2 , 1 = 0.2). The alignment 382 with respect to the best phase per subject accordingly rendered the previously-obtained modulation 383 with speech comprehension through the theta-band current insignificant. 384
To investigate the potential inter-subject variability of the phase dependence further, we 385 computed the distribution of the subjects' best phases ( Figure 5C,D) . We found that, for 386 neurostimulation in the delta band, the distribution was not significantly different from a uniform one 387 (p = 0.4, Rayleigh test). This accorded with our finding that delta-band stimulation did not have a 388 significant influence on speech comprehension, since the best phase is then distributed randomly. The 389 current stimulation in the theta band, however, showed a distribution of the best phases that differed 390 significantly from uniformity (p = 0.02, Rayleigh test). The mean phase was 36°±30°. This provided 391 additional evidence that the best phase for the theta-band stimulation was consistent across subjects. 392 Furthermore, we wondered whether current stimulation could not only modulate but actually enhance 395 the comprehension of speech in noise. We therefore also measured the comprehension scores when 396 subjects experienced a sham stimulus. As an additional control, we stimulated volunteers with a 397 current that followed the envelope of an unrelated sentence, filtered either in the delta or in the theta 398 frequency band. These currents obtained from unrelated sentences should not facilitate speech 399 comprehension, but, if anything, hinder it. 400
We compared the comprehension scores that we obtained for the delta-and theta-band 401 stimulation at the phase that yielded the highest comprehension across subjects  the phase of 0° in 402 either case  to the different control conditions ( Figure 6 ). We found that there was statistically 403 significant variation between the different comprehension scores (One-way ANOVA, df = 4, F = 3.1, 404 p = 0.02, η 2 = 0.1). Post-hoc tests showed that the only two types of neurostimulation that yielded 405 significantly different speech comprehension were the theta-band stimulation and the sham 406 stimulation (p = 0.03), Tukey-Kramer method (Tukey, 1949; Driscoll, 1996) . In particular, 407 transcranial alternating current stimulation with the theta-band filtered speech envelope, and without a 408 sham stimulation. Speech comprehension improved by 6%, which is comparable to the efficacy of 410 some noise-reduction algorithms for hearing aids and suggests that this type of neurostimulation may 411 have practical applications in auditory prosthetics (Chung, 2004 ; Healy, Eric W., Masood Delfarah, 412
Eric M. Johnson, 2019). 413
We also wondered if the variances of the speech comprehension scores differed between the 414 various conditions. Although the variance was largest for the delta-band stimulation, we did not find a 415 statistically-significant difference between the five conditions (Bartlett's test, k = 5, 2 = 7.1, p = 416 0.13). 417 418
Discussion
419
We showed that neurostimulation with the theta-band but not the delta-band portion of the speech 420 envelope impacts comprehension. This finding ties in with previous studies that have identified 421 different roles of these two frequency bands for speech processing. In particular, entrainment in the 422 theta band has been shown to relate to acoustic properties of speech, including the clarity of a speech and Reichenbach, 2019). Transcranial alternating current stimulation with the delta-band portion of 432 the speech envelope may not be efficient in modulating this small neural response. Alternatively, the 433 effect may have been too small to observe in the comparatively small number of 17 subjects that we assessed here, or the delta-band speech entrainment may be an epiphenomenon of other neural 435
processes. 436
Cortical activity entrains to speech rhythms at different temporal lags, in particular at an early 437 latency of 150 ms and a longer latency of 250 ms, suggesting that the timing of the neurostimulation 438 signal with respect to the sound may affect how comprehension is modulated (Horton et al., 2013; 439 Ding and Simon, 2014) . Previous studies on the effects of neurostimulation on speech processing 440 have partly investigated different temporal lags between the speech signal and the transcranial 441 alternating current, and found best lags that were distributed broadly among participants between -400 442 and 400 ms (Riecke et al., 2018; Wilsch et al., 2018) . While our approach employed no temporal 443 delay between the envelope-based current and the speech, our analysis showed that the phase shifts 444 that we used partly corresponded to time lags of about 200 ms in magnitude, such that our approach 445 effectively captures a significant range of temporal delays. 446
We found evidence of a consistent phase, across volunteers, at which the theta-band current 447 stimulation modulated speech comprehension. Moreover, when considering a subject-specific phase 448 alignment, we no longer obtained a significant effect of phase on speech comprehension. This may 449 indicate that the alignment of the phase according to the best phase per subject increased the noise in 450 the data, which may in turn follow from uncertainty in determining the best phase for each individual. 451
However, our finding of a consistent influence of phase on speech comprehension across the subjects 452 differed from previous studies that found broad variability in how certain temporal lags or phase shifts 453 modulated speech comprehension (Riecke et al., 2018; Wilsch et al., 2018; Zoefel et al., 2018) . These 454 studies employed either the broad-band speech envelope, mostly between 1 -15 Hz, or speech that 455 was artificially altered to follow a single rhythm, which may have increased the variability across 456
participants. 457
Because the theta-band entrainment plays a functional role in speech comprehension, we 458 expected that current stimulation with an unrelated envelope would worsen speech comprehension 459 compared to a sham stimulus. However, we found that neither stimulation with an unrelated delta 460 band envelope nor with an unrelated theta-band envelope rendered significantly lower comprehension entrainment in the absence of current stimulation was already rather low and did not decrease 463 significantly further upon stimulation with an unrelated envelope. 464
Conclusion
465
In summary, our results show that the modulation of speech comprehension through transcranial 466 alternating current stimulation stems from the theta but not from the delta band. We have further 467 demonstrated that the theta-band stimulation modulates speech comprehension in a manner that is 468 consistent across subjects. In particular, there exists an optimal phase shift across subjects at which 469 speech comprehension is aided. Importantly for potential practical applications, our results evidence 470 that current stimulation within the theta frequency band can enhance speech comprehension with 471 respect to sham stimulation, a result that had not been possible with the use of broad-band current 
